Environmental concerns arising from the over-dredging of sand have led to restrictions 21 on its extraction across India, with direct economic impacts on concrete construction. A 22 suitable environmentally friendly alternative to sand must be found to match the huge 23 demand from the concrete construction industry. At the same time, waste plastic is 24 rarely recycled in India, with as much as 40% left in landfill. The dumping of such 25 materials which degrade at extremely low rates meaning they persist in the 26 environment is a long-term environmental concern. 27 To tackle both issues, it is proposed to process waste plastic to create a partial 28 replacement for fine sand in a novel mix for structural concrete. In this paper eleven 29 new concrete mixes are evaluated to study five plastic material compositions, three 30 groups of particle sizes, three different aspect ratios, and two chemical treatments and 31 establish an appropriate choice of material to act as partial replacement for sand. 32
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The results show that replacing 10% sand by volume with recycled plastic is a viable 33
proposition that has the potential to save 820 million tonnes of sand every year. 34
Through suitable mix design the structural performance of concrete with plastic waste 35 can be maintained. This preliminary work was supported through funding from the 36 British Council under the UKIERI (United Kingdom India Educational Research 37
Introduction 42
Cement manufacture in India reached 280Mt in 2014 (Van Oss, 2015) , second only to 43
China. India exports only small volumes of cement, with internal demand for concrete 44 being driven by a growing economy, growing population, and rising living standards 45 (World Bank, 2016) . Mass extraction of sand, usually via river dredging, has been a 46 problem in India for a number of years and is mainly fed by construction demand. A 47 compacting mortar mixes. Replacement levels of 0-50% were tested, with reductions in 114 strength being related to the percentage replacement. At 30% substitution, average 115 strength reductions of 15% were recorded at 28 days. The reductions in strength are 116 attributed to poor bond between the plastic and surrounding cement paste, a 117 conclusion supported by the majority of the research in the literature. 
Replacement materials 209
Five plastics were used as sand replacement, as described in Table 2 . Grading curves 210
for PET particles are given in Figure 2 and compared to the fine sand used in the mix. 211
Ten mixes with plastic (see Table 1 ) were cast along with the reference mix (R1) 212 without plastic. The description of each mix is given in Table Table 3 . 227
Scanning Electron Microscopy 228
A JEOL SEM6480LV scanning electron microscope (SEM) was used to identify 229 bonding between elements, distribution of plastic, and proportion and sizes of voids. A 230 selection of images were taken, on both fracture surfaces and resin impregnated 231 polished sections. Imaging was undertaken 28 days after casting, and was primarily 232 used to aid qualitative analysis. 233
Results 234
A summary of strength test results for each mix is provided in Table 4 . The results show that with an appropriate choice of plastic particle size and grading, it 252 is feasible to produce structural grade concrete mixes with 10% sand replacement. 253
The effect of particle size is seen by comparing results from PET1, PET2, and PET3 254 (Table 4 ). The three mixes gave compressive strengths that were very close in value. 255 PET1 (containing plastic graded according to the sand it replaced) achieved the best 256 performance (+1.2%). The improved packing in such a situation supports work by 257 showing that particles up to 4mm in size could feasibly be used in structural concrete. 261
Mix PET3, with particles up to 4mm in size, saw a loss of compressive strength of 262 4.1%, which is less than reported in the literature for other similar mixes. Mix HDPP1 263 contained particles of a similar maximum dimension as PET3, but with a smooth 264 spherical surface, which resulted in a significantly lower compressive and tensile 265 strength compared to PET3 (Table 4) . 266 PET1, PET2, and PET3 mixes performed well in tension, with PET 1 achieving a 25% 267 increase in tensile strength when compared to the reference mix. However, the high 268 variability in tensile strength test results must be considered if such results are to be 269 used in design. In all cases, the plastic was debonded from the surrounding matrix at 270 failure, Figure 6 . 271 Mix HDPE1, which utilises shredded plastic carrier bags, had a 15% lower compressive 276 strength than the reference mix, whilst the tensile strength was 15% higher. During 277 tensile testing, failure was more gradual compared to both the Reference and PET1 278 mixes. Whilst high-density polyethylene has a very low ultimate tensile strength 279 compared to either polypropylene or PET, it can elongate up to 500% before failure 280 (Plastics International, 2017). Rather than the brittle failure observed with samples 281 using mix PET1 in HDPE1 samples the plastic was able to yield before a load sufficient 282 to cause de-bonding was reached. The plastic then continuously deforms until the point 283 of concrete failure. 284
Mixes PPS1, PPF1, and PPF2 used replacement materials with a much higher aspect 285 ratios than any other plastic used in this study (Table 2 ). PPF1 saw a 38% loss in 286 compressive strength, but a 16% improvement in tensile strength, compared to the 287 reference mix. The significant drop in compressive strength is attributed to the poor 288 workability of this mix, where the large volume of long fibres became entangled and the 289 resulting concrete was of low density with significant porosity (Table 4) . During tensile 290 testing of PPF1, a gradual failure mode was again noted caused by the presence of the 291 fibres crossing the failure plane. Figure 7 shows the fibre mixing and air voids in the 292 sample which led to the reduced compressive strength. 293
Mix PPF2 was cast to address the poor workability of PPF1 and was unique in this 294 study in having a replacement percentage of only 0.64%, following the work of Bayasi 295 and Zeng (1993). As seen in Table 4 , this improved the performance of the mix, but the 296 small volume of fibres used provides only a small source of sand replacement and 297 these fibres would be difficult to manufacture from recycled plastic. 298
To try and achieve the tensile strength improvements of PPF1, but maintain the 299 workability of PPF2, a third mix with strips of plastic was tested using 20mm long, 3mmdiameter plastic strips. The larger volume of these strips reduced the number required, 301 preventing the entanglement seen in PPF1. PPS1 saw a loss of compressive strength 302 of only 2.9% compared to the reference, a considerable improvement on PPF1. 303
However, there was a large decrease in tensile strength of the mix when compared to 304 the reference sample. The 3mm diameter strips used in PPS1 have a much higher 305 axial stiffness than the thin strips used in PPF1, being much larger in cross section. In 306 PPF1 the strips elongated significantly before failure, whereas in PPS1 they did not 307 reach a yield load and debonded from the matrix causing a sudden failure. The 308 presence of the rather large and triangular strips in PPS1 may also have contributed to 309 this premature failure, as seen in the lower density of this mix compared to the 310 reference (Table 4) . 311 312 with mixes PET4 and PET5. In mix PET 4, the plastic was treated using common 316 household bleach (sodium hypochlorite) with caustic soda (sodium hydroxide). The 317 plastic was immersed in the solution for one hour, before being drained and dried using 318 heaters so as to not wash off any of the surface solution. The results show that thismethod was unsuccessful, as PET4 performs very badly in both compression (-78%) 320 and tension (-52%) when compared to the reference mix. 321
It is proposed that after the plastic was subjected to the chemical solution and dried, 322 compounds originally dissolved precipitated on the surface of the plastic forming 323 crystals. When the plastic was added to the concrete mix these crystals dissolved in 324 the water and decomposed in the high pH environment of the cement forming oxygen. 325
It can be seen in Table 4 that the average density of mix PET4 after 14 days is 326 significantly lower than all other mixes at 1861kg/m 3 , due to the large number of voids 327 present in the concrete. 328
A modified method was utilised in mix PET5, where the plastic was washed first in 329 bleach and sodium hydroxide, and then in water, before being dried. The results show 330 that PET5 achieved a compressive strength only 1.9% lower than the reference 331 mixture, but perhaps more importantly was 2% higher than Mix 8, which used the 332 same, but untreated, plastic. This difference is potentially within the margins for error of 333 both samples and therefore should be viewed as a neutral result. The use of treatment 334 to the plastic adds a step in the manufacturing process, and should therefore only be 335 used if the improvement in mechanical performance is significant. 336
The results may further be compared to those reported in the literature (Figure 1 ) 337 where reductions in compressive strength of between 10-50% are reported at a 338 replacement ratio of 10%. The results here perform well by comparison, with some 339 notable exceptions as outlined above. By careful control of the mix design, strength 340 changes can be carefully controlled, see for example Mix PET1, to ensure that the 341 resulting concrete can be used in a structural context. It should be noted that there is 342 scatter within the test results. Further data from a larger test program is required to fully 343 identify the patterns of behaviour outlined in this pilot study. 344
